In p-type dye sensitized solar cells (p-DSCs) with nickel oxide (NiO) based photocathodes one of 15 the main causes of their relatively poor photoconversion performances is the fast recombination 16 between the photoinjected holes in the valence band of the p-type semiconductor and the reduced 17 form of the redox shuttle (typically I -). As a matter of fact, recombination phenomena at the 18 NiO/electrolyte interface heavily limit both photovoltage and photocurrent. Different approaches 19 have been adopted to minimize such an unwanted process: these range from the pretreatment of the 20 electrode surface with NaOH to the employment of passivating organic molecules (e.g. CDCA) in 21 the sensitizing solution and/or in the electrolyte solution. The present contribution describes the 22 implementation of the addition of zirconia (ZrO2) nanoparticles in nanostructured NiO films as anti-23 recombination agent in p-DSCs due to the electro-inactivity of ZrO2. ZrO2 nanoparticles with 24 diameter, Ø, of 20 nm, and NiO nanoparticles with Ø < 50 nm were dispersed together in the paste 25 precursor for screen-printing. Different compositions of the mixture of NiO and ZrO2 nanoparticles 26 were considered. From the combined analysis of the electrochemical and photoelectrochemical 27
INTRODUCTION
WAXS experiments were carried out on a Bruker D8 Advance with DaVinci design diffractometer 145 (angle dispersive). The diffractometer is equipped with a Cu Kα X-Ray tube (λ = 1.5406 Å). The 146 instrument is fitted with focusing Göbel mirrors along the incident beam and Soller slits on both 147 incident and diffracted (radial) beams. Data were measured in step-scan mode in the 20-80° angular 148 range with a step of 0.02° within the Bragg-Brentano para-focusing geometry. Only the incident . 156 Bare and P1-sensitized photocathodes were assembled in a sandwich configuration with platinised-157 FTO as counter-electrode. A double layer of Platinum (3D-nano) was screen-printed onto the 158 counter-electrodes. The first layer was dried at 120 °C for 10 min before printing the second one. 159 As the first, the second layer was dried at 120°C in order to burn the solvents. Successively the 160 counter-electrodes were fired at 480 °C in oven for 30 min for the thermal reduction of the Pt 161 precursor 31 . A thermoplastic resin (Surlyn®, from Dupont), was used as spacer and sealant. The Figure 1 shows the voltammograms of bare NiO and NiO_ZrO2_2%, which were recorded within 173 the potential range -0.5 -1 V vs Ag/AgCl at different scan rates (range:10-200 mV s -1 ). In both 174 series of CVs two main peaks are observed: the peak at lower potential corresponds to the reversible 175 solid state oxidation of NiO with occurrence of Ni 2+ → Ni 3+ + 1 e -(named O1); the peak at higher 176 potential is assigned to the formal oxidation of preexisting Ni 3+ sites into Ni 4+ (named O2) 32 . The 177 current peak of O1 was more than doubled in going from bare NiO to the sample NiO_ZrO2_2%.
178
Moreover, a sensible variation of the O2/O1 ratio is observed in the compared analysis of NiO and 179 NiO_ZrO2_2% electrodes being the O2 peak less pronounced when the electrode is 180 doped/combined with ZrO2. This combination of findings leads us to suppose that the presence of 181 zirconia as a fine dispersion diminishes the surface concentration of Ni(III) in the as deposited 182 sample. Beside the diminution of the portion of defective NiO, i.e. the portion containing Ni(III) 183 sites, the presence of zirconia would favor the relative increase of the surface concentration of 184 Ni(II) sites with respect to bare NiO. The latter statements are going to be verified in a successive 185 study through the adoption of the XPS technique for the speciation of these NiO/ZrO2 186 nanocomposites. In Table 1 , the charge density exchanged during the occurrence of O1 and O2 as 
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By the comparison of images in Figure 2 and ESIX, one can see that a ZrO2/NiO molar ratio higher 225 than 2% leads to the growth of some macrostructures. The latter feature became more evident in 226 NiO_ZrO2_10%. Interestingly, the presence of nanoparticles randomly dispersed onto the electrode 227 surface was evidenced too with EDX spectroscopy. EDX confirmed also that the ZrO2 larger number of defects in the lattice corresponds to a system with a tighter the optical band gap.
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Electrochemical impedance spectra were recorded in a three-electrode cell configuration in dark 257 condition in order to avoid any modification induced by the eventual photoactivity of NiO working 258 electrode. The applied potential ranged in the interval -0.2 -1.1 V (vs Ag/AgCl) ( Figure 5 ).
259
Experimental data have been fitted with the equivalent circuit depicted in Figure ESI5 : the first 
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In order to check the crystallographic structure of our modified samples and the eventual arising of 
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The electric parameters reported in Table 4 could 
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• Rrec is the resistance of recombination the charge carriers experience after photogeneration. 
430
(black dots), 1% (dark blue diamonds), 2% (orange triangles) and 5% (red triangles). In the inset, the equivalent circuit employed for 431 the experimental data interpolation is reported.
432
The determination of these electrical parameters allows the direct calculation of the following 433 microscopic parameters:
434
• h (= Rt * C), i.e. the time the photoinjected holes take to reach the FTO charge collector;
435
• rec (= Rrec * C), i.e. the holes lifetime that corresponds to the time the photoinjected holes 436 spend before undergoing any type of recombination process;
437
• Lh [= l (Rt/Rrec) 1/2 , where l is the nominal film thickness] is the mean free path of the 438 photoinjected holes before being involved in recombination reactions;
439
• Dh (=Lh 2 /h) is the average diffusion coefficient of the photoinjected holes through the 440 photocathode.
441
The values of both RCE and CCE did not vary considerably with the concentration of ZrO2 NPs in the 
